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Abstract 
Soil is a key environmental compartment, determining the supply of crucial ecosystem 
services as well as supporting biodiversity below and above ground. In the last 15 years, 
substantial efforts have been made to incorporate the impacts on land due to production 
processes - from a life cycle perspective-, in order to improve the comparison of the 
environmental performance of products. The use of robust models that enable evaluating 
the effects of land use interventions on soils is critical for obtaining meaningful Life Cycle 
Assessment (LCA) results. In order to support the recommendations of adequate 
models, this study:  
 Reviews and compares a set of models for relating land occupation and land 
transformation to soil indicators at midpoint level, addressing soil properties and 
functions as well as threats to soil 
 Proposes a new land use cause-effect chain to appraise the impacts of land use 
interventions on soils 
 Analyses the characterizations factors provided by the reviewed models 
The comparison is done through a systematic evaluation, based on the International Life 
Cycle Data system (ILCD) set of criteria, which considers aspects such as the scientific 
soundness of the models, their ease of applicability for LCA practitioners, and their level 
of acceptance by stakeholders.  
The study is complemented by a supplementary material which contains: the list of the 
evaluation criteria, the filled-in evaluations and the compilation of characterization 
factors for the evaluated models that allow for a global application. The supplementary 
material could be downloaded from 
http://eplca.jrc.ec.europa.eu/uploads/supplementary-material-land-use.xlsx  
Based on the results of this evaluation, this study identifies valuable approaches and 
highlights the strengths and limitations of the reviewed models. Research needs for 
improving the assessment of land use impact on soil in an LCA context are also 
identified, namely: 1. adopting a common land use cause-effect chain and land use 
classification; 2. accounting for different land management practices; 3. assessing the 
added value of using multi-indicators, as some evaluated models propose, for a 
comprehensive account of impacts of land use on soils; 4. ensuring consistency from 
midpoint to endpoint indicators; 5. providing guidance to calculate normalization factors; 
and 6. ensuring a systematic assessment of models results uncertainty.
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1. Introduction 
Life Cycle Assessment (LCA) is a valuable approach to quantify the potential impacts of 
the production chain from a life cycle perspective (Hellweg and Milà i Canals, 2014). In 
this context, the impact of products on the land is a crucial component to be considered 
by LCA studies.  
Impact assessment in an LCA context requires the use of reliable models. To this aim, 
the European Commission International Reference Life Cycle Data System handbook 
(ILCD handbook) underwent an evaluation of possible models that could be used for a 
robust estimation of the different typologies of impacts along the production chain, 
including also the impacts associated to the occupation and transformation of land (EC-
JRC, 2011 and 2012). This evaluation, which targeted models developed until 2009, 
assessing them against a defined set of criteria including, among other, models’ 
environmental relevance, applicability, robustness and stakeholders’ acceptance. Based 
on this evaluation, some models were recommended for the different impact categories. 
Yet, land use impact assessment models did not fully meet the quality requirements 
detailed by the evaluation criteria, and only one model was recommended, the model by 
Milà i Canals et al. (2007a), which uses Soil Organic Matter (SOM) change as stand-
alone indicator to approach the impacts derived from land occupation and land 
transformation. The model was considered applicable with caution at midpoint1 level, 
while none of the evaluated models was recommended at endpoint level.  
Over the years, several land use-related impact assessment models have been 
developed. Hence, a review of methods has been undertaken in this study with the aim 
of assessing progress in land use impact modelling and proposing the way forward, with 
specific regard to application in the context of the Environmental Footprint (EF) (EC, 
2013). This report represents a background document, reflecting the analysis of the 
models needed for building the paper of Vidal Legaz et al. (2016). 
 
1.1. LCIA land use models: state-of-the-art  
In the last 15 years, substantial efforts have been made to improve the assessment of 
the impacts on land use derived from production supply chains. This includes the impact 
of both land interventions, i.e. occupation and conversion of land – the latter referred to 
as transformation in a LCA context. Yet, a consensus on the best available model for 
land use has not been achieved (Teixeira et al., 2015). 
Currently, many LCIA methodologies assess the impact of land use on biodiversity 
(endpoint), while midpoint indicators often include just the area of land being occupied 
and/or transformed for the functional unit (EC-JRC, 2011). Several endpoint indicators 
have generally focused on the damage to biodiversity caused by land use (e.g. loss in 
species’ richness as in De Baan et al., 2013; Souza et al., 2015). However, a consensus 
on the best available model for impact on biodiversity due to land use is difficult to be 
achieved (Teixeira et al., 2016), as demonstrated in a parallel review conducted by the 
United Nations Environmental Programme—Society of Environmental Toxicology and 
Chemistry (UNEP-SETAC) Life Cycle Initiative task force on land use impacts on 
biodiversity (Curran et al., 2016). Furthermore, due to the challenges of quantifying the 
impact derived from land interventions (Li, 2007), soil properties and functions have 
                                           
1 In LCA, the potential impacts associated to the supply chain can be assessed by two types of 
indicators. On one hand, endpoint or damage indicators address aspects to safeguard, 
denominated Areas of Protection (AoP) in an LCA context, i.e., the natural environment (e.g. 
biodiversity), natural resources (e.g. resource availability), and human health (e.g. life expectancy 
of humans). On the other hand, LCA might also include midpoint indicators, which are 
intermediate aspects between the life cycle inventory (LCI) − e.g., the amount of pollutants 
emitted, resources used, or land use associated with production processes− and the endpoints. 
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been incorporated in a very limited way. An example is the model by Milà i Canals et al. 
(2007a) recommended in the ILCD handbook (EC-JRC, 2011), which yet disregards 
important soil functions systems. Therefore, the assessment of land use impacts needs 
to be more inclusive (Koellner et al., 2013a). Indeed, according to the UNEP- SETAC Life 
Cycle Initiative, land use models should focus on soil quality, biotic production, and 
biodiversity.  
An additional challenge for a robust assessment of land use impacts includes also the 
lack of a clear and consistent cause-effect chain, also called impact pathway, which 
should depict systematically the causal relationships from the inventory data (most 
commonly amount and typology of land use) to the mid- and endpoint indicators and 
areas of protection (AoPs). To this regard, Jolliet et al. (2014) pointed out that in order 
to better understand the link between land use and the provision of ecosystem services 
and biodiversity loss, we first need to assess the impact of land occupation and 
transformation on soil quality and functions, on which these services rely. Thus, within 
the impact pathway proposed for land use, the latter study includes a set of indicators to 
determine the impacts on soil quality (e.g. soil fertility, soil stability) and the impacts on 
habitats (e.g. fragmentation, degradation) which lead to the loss of soil and ecosystems. 
Although this is a valuable step in recognizing the relevance of soil, impacts addressing 
soil functions are still under-characterized and an in-depth understanding of the 
connections between mid and endpoint indicators is still required.  
 
1.2. Soil quality and soil functions in LCIA 
Soil quality is defined as the “capacity of a living soil to function, within natural or 
managed ecosystem boundaries, to sustain plant and animal productivity, maintain or 
enhance water and air quality, and promote plant and animal health” (Doran, 2002). 
This concept is closely related to soils capacity to deliver essential ecosystem services 
such as freshwater purification and regulation (Garrigues et al., 2012), food and fiber 
production, and the maintenance of global ecosystem functions. Ensuring the 
maintenance of high quality standards for the state of soils is, therefore, a fundamental 
requirement for global sustainability (Doran, 2002). Therefore, there is a clear need to 
assess the extent to which soil quality is affected by current human interventions (Jandl 
et al., 2014), and to detect hotspots along supply chains as well as possible “sustainable 
land management” options (Liedtke et al., 2010; Del Borghi et al., 2014). 
Given the complexity of the soil matrix, the assessment of soil quality is very 
challenging. In particular, it is increasingly evident that the selection of a specific 
indicator (or a set of indicators) is problematic, given the spatial and temporal variability 
of soil properties (Milà i Canals et al., 2007b; Garrigues et al., 2012).  
The first efforts to address impacts on soil properties and functions in LCIA date back to 
the 90’s, when Heijungs et al. (1997) proposed an evaluation of land use based on the 
occupation of land surface area by a production system. This first attempt, however, 
disregarded the state of the soil and its supporting services, such as habitat provision, 
and properties that frequently depend non-linearly on the spatial and time scale of the 
intervention. Following, Cowell and Clift (1997; 2000) suggested the first model to 
assess soil quality and quantity in LCA, as a way to address the impacts of agricultural 
and industrial systems. They proposed five groups of factors, divided in three midpoint 
impact categories (soil erosion, compaction and change in organic matter). The factors 
were i) mass of soil, ii) living organisms (weeds/weed seeds and pathogens), iii) trace 
substances (nutrients, salts and pH of soil), iv) non-living matter (organic matter), and 
v) soil physical properties (texture and structure). A different set of indicators was 
proposed to evaluate the sustainability of the production capacity of soil (Mattsson et al., 
2000) in three different types of vegetable oil crops (rape seed, oil palm and soybean), 
and in three distinct regions (Sweden, Malaysia and Brazil, respectively). This model 
considered i) soil erosion, ii) hydrology effects, iii) soil organic matter, iv) soil structure, 
v) soil pH, vi) accumulation of heavy metals, and vii) phosphorus and potassium 
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content, to assess the soil quality. In addition, the value of soil for nature was addressed 
by Weidema and Lindeijer (2001), who proposed five indicators: i) substance and energy 
cycles, ii) productivity, iii) biodiversity, iv) cultural value, and v) migration and 
population dispersal. In their proposed impact pathway, they included “altered soil 
functions” as midpoint category, linking to endpoint life-support functions (e.g. topsoil 
formation). 
Currently, the ILCD handbook recommends the use of the model by Milà i Canals et al. 
(2007a), which proposes soil organic matter (SOM) as a stand-alone indicator for life 
support functions. However, although SOM has a crucial role in provisioning (e.g. biotic 
production) and supporting services (e.g. climate regulation), important soil functions, 
such as resistance to erosion, or threats to soil such as compaction and salinization, are 
disregarded (Mattila et al. 2011). 
Alternatively, to the use of a single indicator, there is a widespread interest around the 
need for a minimum set of soil indicators. Thus, over the years, within the context of 
selecting soil indicators, other models addressing land use impacts through multiple 
indicators have been proposed (LANCA - Beck et al., 2010; Saad et al., 2013; 
Oberholzer et al., 2012). Models following a more qualitative and rather holistic 
approach in characterizing soil quality have been also developed. Examples of the latter 
are the multi-indicator model SALCA-SQ (Oberholzer et al., 2012) based on a qualitative 
scoring system, which is very detailed and comprehensive regarding the list of soil 
aspects accounted for; and the hemeroby index (Brentrup et al., 2002; refined by 
Fehrenbach et al., 2015), being hemeroby a measure of naturalness of the land, i.e. 
calculates the magnitude of deviation from the potential natural vegetation. 
The incorporation of threats2 to soil in the models has been also recently approached. 
Indeed, focusing on LCA studies, Garrigues et al. (2012) state that models should 
incorporate what they consider as the main threats to soil and its functions, e.g., 
erosion, decline in SOM, biodiversity loss, contamination, sealing, compaction, and 
salinization. They also state that midpoint indicators on soil-related threats can be more 
easily related to the production units in an LCA context than indicators on soil properties 
(Garrigues et al., 2012) – e.g. the production of an agricultural commodity could be 
more easily associated to the erosion caused in a specific type of soil than to a change of 
soil texture. However, current models that could be applicable in LCA are unable to 
comprehensively depict the multiple impacts derived on soil derived from land use and 
land use change. 
 
1.3. Purpose of this study 
This study reviews the models that assess potential land use impacts on soils at midpoint 
level. Specifically, this study builds and expands the review done by EC-JRC (2011) and 
qualitatively assesses a selection of land use impact characterisation models. A 
systematic framework based on the existing ILCD handbook, but with revised evaluation 
criteria, is used for models evaluation. The land use impact pathway has been revisited, 
and a new version, used as reference in the models’ evaluation process in this study, is 
proposed.  
In the models’ evaluation, a strong emphasis was given to the immediate applicability. 
Therefore, aspects such as the availability of characterisation factors (CFs), were central. 
To this regard, whenever available, CFs of the evaluated models have been compiled and 
are provided within the models’ description. The study is organized as follows: 
                                           
2 The European Thematic Strategy for Soil Protection (EC, 2006) lists soil erosion, organic carbon 
decline, compaction, salinization, contamination, acidification, and landslides as the main soil 
threats. 
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 methods (section 2), which includes:  
o the selection of models for evaluation (section 2.1); 
o the review of the impact pathway (section 2.2);  
o the criteria for the evaluation of models (section 2.3) 
 results (section 3), which include: 
o the description of models selected for evaluation (section 3.1); 
o the description of additional models (section 3.2);  
o the revised land use impact pathway (section 3.3);  
o the evaluation results (section 3.4), provided firsts by model and then by 
evaluation criteria 
 discussion and outlook (section 4) 
 
2. Methods  
2.1. Selection of models  
In this study, land-use models previously evaluated in the ILCD handbook (EC-JRC, 
2011) were re-examined, i.e. it was investigated if relevant new developments have 
been introduced for these models that would allow for the modeling of land use impact 
at midpoint level with a focus on soil-related indicators. Subsequently, a review of the 
literature was conducted to incorporate models that assess soil 
properties/functions/threats, not previously considered in the ILCD handbook, i.e., 
models developed after those assessed in the ILCD up to year 2009. In parallel, model 
developers were contacted when a more profound understanding of their models was 
required.  
The literature review was carried out using the following search query in Science Direct 
until October 2015: “Soil quality/properties/functions/threats + Life Cycle Assessment” 
and “Soil quality/properties/functions/threats + Assessment/Evaluation”, searching for 
studies published between year 2009 and the present.  
The review identified thirty-one models, which were shortlisted for further evaluation 
only if they: i) computed indicators for assessing soil properties/functions/threats; ii) 
were compatible with LCA, i.e., they were used to calculate impact indicators starting 
from elementary flows presented in Life Cycle Inventory (LCI); iii) produced an output 
consisting of CFs, i.e., the parameters that allow deriving impact (midpoint/endpoint) 
indicators from the LCI data, or that could be easily converted into CFs. A total of eleven 
models fulfilled these requirements and further underwent the evaluation procedure, 
whose description is provided in section 3.1. In addition, other three reference land use-
related models are described in section 3.2, and their CF’s are reported in 
supplementary material (SM3). The inclusion of the following models allows a more 
complete comparison between models.  
 
2.2. Review of the impact pathway 
The LCA land use impact pathway for land use was revisited in order to count on a 
reference pathway for the models’ evaluations. It served also for identifying indicators 
that are not yet covered and unravel unclear links between the LCI data, midpoint and 
endpoint indicators.  
This new impact pathway was built considering the last developments regarding land use 
impact assessment in LCA (Milà i Canals et al., 2007b; Koellner et al., 2013b; Souza et 
al., 2015; Curran et al., 2016); and impact pathways of pre-selected models (Garrigues 
et al., 2013; Núñez et al., 2013). Among those studies, Curran et al. (2016) proposed 
an impact pathway with a focus on biodiversity, partially considering indicators of 
impacts on soil quality and habitats.  
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2.3. Criteria for the evaluation of models 
An updated version of the ILCD evaluation criteria form was developed to evaluate the 
models building on those defined in the ILCD handbook (EC-JRC, 2011) and in Curran et 
al. (2016). The set of criteria includes a descriptive section (summary information), 
followed by an evaluation section in which models are qualitatively assessed against: i) 
completeness of the scope, ii) environmental relevance, iii) scientific robustness and 
uncertainty, iv) documentation, transparency, and reproducibility, v) applicability, and 
vi) stakeholders’ acceptance. Scores between A and E were assigned, which generally 
mean, respectively, the best (A) and the worst (E) possible results. Among the full set of 
criteria, land use-specific criteria are to be found under environmental relevance.  
The full set of evaluation criteria is listed in Table 1, while the supplementary material 
(SM1) includes the complete form with models’ evaluations, as well as details on the 
scoring rules. A brief description of each evaluation criteria is provided next.  
Summary information 
For each model we compiled relevant background information, which helped carrying out 
the evaluation: the purpose, theoretical foundation of the model and the indicators 
adopted; the impact pathway; the modeling reference state and time frame; and the 
land use inventory flows used by the model, using the ILCD flows list (October 2015, 
http://eplca.jrc.ec.europa.eu/?page_id=140) as reference. 
Completeness of the scope 
Under this criterion, we assessed if the proposed midpoint indicator(s) cover a relevant 
gap in the information needed to consistently compute the endpoint indicator, as well as 
how close is the link of midpoint indicators to inventory flows. Last, we determined which 
areas of protection (AoPs) are covered, and evaluated the geographic coverage 
(local/regional/global) of each model.  
Environmental relevance 
These set of criteria evaluates the comprehensiveness of models and their capacity to 
discriminate the impact of different types of land use. The comprehensiveness aspect 
encompasses the coverage of land use inventory flows as proposed by ILCD, which 
follows the land use classification proposed by Koellner et al. (2013a). This ILCD land 
use classification includes a complete set of land use types, and aggregates them in four 
hierarchical levels. This criterion also assesses if the model addresses land use’s specific 
aspects: i) the distinction between extensive and intensive land uses; ii) whether the 
model considers the impacts of both land occupation and transformation; and iii) the 
type of soil indicators included, e.g., soil properties, functions, and threats. Finally, the 
spatial-temporal resolution of the model input data was evaluated as a determinant 
aspect of the accuracy of the model results. 
Scientific robustness and uncertainty 
Under scientific robustness, criteria are included to assess if there is evidence of the 
model soundness –whether it has been peer-reviewed, the robustness of model choices 
and the use of up-to-date knowledge. In addition, we substantiated the existence of case 
studies that confirm the applicability of the model. Under uncertainty, we detailed 
whether quality checks of the input data have been carried out, and if figures to report 
uncertainty are provided. 
Documentation, transparency and reproducibility 
The accessibility and the completeness of the model documentation was assessed, 
together with the accessibility of LCA practitioners to the input data and CFs – whether 
they are available and in which format. The accessibility of the characterisation model 
itself and of the modelling choices was assessed as well.  
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Applicability 
As models may be scientifically relevant and comprehensive but difficult to implement in 
practice in an LCA study, the compatibility of the model with the scope of the LCA 
framework was assessed together with some other practical aspects, such as i) 
availability of the inventory flows datasets required for the application of the model; ii) 
level of implementation of the CFs in the LCA software; iii) availability of normalization 
factors; and iv) ease to conform to the ILCD classification. We assessed the spatial-
temporal resolution of the CFs, and the spatial resolution of the inventory flows.  
Stakeholders’ acceptance 
Under this criterion the understandability of model results and its associated uncertainty 
was evaluated. Also, it was specified whether the model has an academic and/or 
authoritative body behind that increases its reliability by the stakeholders, and whether 
the model is neutral, i.e. if it does not favour a specific sector or industry. Finally, it was 
assessed whether model produces an output relevant to policy. 
 
Table 1: Criteria for land use models’ evaluation. See supplementary material (SM1) for details.  
Description   Aspect  
Summary information 
(descriptive) 
 • Purpose and interpretation of the characterisation model 
 • Description of the impact pathway of the characterisation model  
 • Impact categories covered by the midpoint characterisation model 
 • Midpoint indicators 
 • Reference state and time frame 
 • Underlying model(s) 
 • LCI flows covered by the characterisation model 
Evaluation criteria Sub-criteria 
Completeness of scope 
 • Impact pathway consistency between mid- and endpoint 
 • Midpoint indicator placement in the impact pathway regarding LCI flows 
 • AoP coverage by the midpoint characterisation model 
 • Geographic coverage 
Environmental 
relevance 
Comprehensiveness 
• Coverage of ILCD LCI flows 
• Distinction extensive/intensive use 
• Land occupation/transformation impact 
• Permanent impact 
• Direct/indirect land use change 
• Soil quality 
• Soil threats  
• Land availability 
• Biotic production 
• Erosion regulation 
• Water regulation functions 
• Biodiversity support 
• Climate change 
• Aesthetic/cultural value 
Spatial-temporal 
resolution 
• Temporal resolution of the input 
• Spatial resolution of the input 
Scientific robustness & 
Uncertainty 
 • Characterisation model peer review and (peers) acceptance 
Scientific robustness • Value choices robustness 
 • The model reflects the up-to-date knowledge for the cause-effect chain  
Uncertainty • Quality of the model input data 
 • Uncertainty assessment 
Documentation, 
Transparency and 
Reproducibility 
 • Accessibility of the characterisation model documentation 
 • Completeness of the characterisation model documentation 
 • Accessibility of the input data 
 • Accessibility of the characterisation factors 
 • Accessibility of the characterisation model 
 • Modelling assumptions and value choices 
Applicability 
 • Compatibility with LCA methodology 
 • Availability of LCI datasets for the application of the model 
 • Usability of characterisation factors for LCA practitioners 
 • Availability of normalization factors for LCA practitioners 
 • Ease to update to conform with the ELCD nomenclature and units 
 • Temporal resolution of characterisation factors 
 • Spatial resolution of characterisation factors 
 • Spatial resolution of LCI flows 
Stakeholders 
acceptance 
 • Model and model results  
 • Authoritative body  
 • Academic authority 
 • Neutrality across industries, products or processes.  
 • Relevance for current policy 
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3. Results 
3.1. Description of models selected for evaluation 
Eleven models were selected and further evaluated against the criteria described in 
section 2.3, which are briefly described in the following. Within the models’ description, 
the CFs at global level associated to land use interventions, when provided, are also 
displayed. An overview of the models evaluated and the main features of their CFs is 
provided in Table 2. Furthermore, the compilation of the world CFs of these models 
adapted to the ILCD land use flows is provided in the supplementary material (SM3). In 
addition, three additional models are described in section 3.2 to provide a more 
complete overview of land –use related models. This includes the current ILCD 
Handbook recommendation; the further development of one of the evaluated models; 
and a reference land use endpoint model.
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Table 2: Models evaluated in this study and CFs description.  
The models allowing for a global application have been highlighted in bold and with grey background color. Level 4 of land use flows partially 
incorporates land management practices. 
Model Main indicators CFs 
Availability (or 
guidance for CFs 
calculation) 
ILCD 
compatibility of 
land use flows* 
Land use flows 
Geographic 
coverage 
Spatial resolution 
Brandão & Milà i Canals (2013) 
 
-Soil Organic Carbon (SOC) –as indicator of 
Biotic Production Potential (BPP) 
CFs associated to 
land use flows 
Adaptation required Level 2-3 Global World and climate regions 
LANCA - Land Use Indicator Value 
Calculation in Life Cycle Assessment 
(Beck et al., 2010 (model); Bos et al., 2016 
(CFs)) 
-Erosion resistance 
-Mechanical filtration  
-Physicochemical filtration  
-Groundwater replenishment 
-Biotic production 
CFs associated to 
land use flows 
Yes  Level 4 Global World, country, and local 
(site-specific application) 
Saad et al. (2013) 
-Erosion resistance  
-Mechanical filtration  
-Physicochemical filtration  
-Groundwater recharge  
CFs associated to 
land use flows 
Yes  Level 1 Global World and biogeographical 
regions 
SALCA-SQ - Swiss Agricultural Life Cycle 
Assessment for Soil Quality 
Oberholzer et al. (2012) 
-Soil properties indicators: rooting depth, 
macro-pore volume, aggregate stability, 
organic carbon, heavy metals 
-organic pollutants, earthworm biomass, 
microbial biomass, microbial activity 
-Impact indicators: risk of soil erosion, risk 
of soil compaction 
CFs not provided.  
Guidance for site-
specific 
implementation 
- - - Local (site-specific 
application) 
Nuñez et al. (2010) -Desertification index 
CFs not associated 
to land use flows. 
Guidance for site-
specific 
implementation 
-  - Global Ecological regions** 
Garrigues et al. (2013) 
-Total soil area compacted 
-Loss of pore volume 
CFs from site-
specific case 
studies.  
Guidance for site-
specific 
implementation 
- - Local  
(some crops in 
three countries) 
Local (site-specific 
application) 
Nuñez et al. (2013) 
-Emergy  
-Net Primary Production (NPP) depletion 
CFs not associated 
to land use flows 
-  - Global Regions** and 
country**/*** 
Alvarenga et al. (2013)  
-Exergy of natural land (biomass 
extraction-based) 
-Exergy of human-made land (potential 
NPP-based) 
CFs associated to 
land use flows 
Adaptation required Level 2-4 Global World and country** (based 
on grid size of 5′ or 10×10 
km at the Equator) 
Alvarenga et al. (2015) -Human Appropriation of NPP  (HANPP) 
CFs associated to 
land use flows 
Adaptation required Level 2 Global World and country 
Gardi et al. (2013) -Soil pressure (on biodiversity) CFs not provided -  Level 1 Europe Local (grid size 1x1 km) 
Burkhard et al. (2012)  
-Ecosystem integrity indicators (7) 
-Ecosystem services indicators (22) 
-Demand of ecosystem services (22) 
CFs not provided -  Level 3 Local Local (site-specific case 
studies) 
* If CFs are provided and associated to land use flows 
** Not associated to land use flows 
*** Based on further development by the authors, provided in October 2015. 
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Brandão and Milà i Canals (2013) 
It is an updated version of the model by Milà i Canals et al. (2007a), which was 
recommended in the ILCD handbook, and includes Soil Organic Carbon (SOC) as stand-
alone soil quality indicator. SOC was considered by the authors the best indicator to 
approach the biotic production capacity of the soil, which will in turn affect the natural 
resources and natural environment AoPs.  
This study provides CFs for occupation (Figure 1) and transformation (Figure 2) for eight 
land use types (six agricultural typologies, grassland and sealed land) and under 
different cropland management practices. Unlike the model by Milà i Canals et al. 
(2007a), which characterized impacts only in the United Kingdom, Brandão and Milà i 
Canals (2013) provide world values CFs and CFs by climate region (spatially –resolved 
CFs values not displayed here).  
 
Figure 1: World CFs for land occupation by land use type calculated by Brandão and Mila i Canals 
(2013).  
The highest impacts on SOC are found for sealed land, followed by long-term cultivated land under 
full tillage regime. Within long-term cultivated land uses, differential CFs values are assigned 
depending on the level of inputs and manure, being the occupation with high input with manure 
the one with the lowest impact. For grassland, CFs for different levels of degradation are given. 
Land use classes are referred to the 2006 IPCC Guidelines for National Greenhouse Gas 
Inventories. 
 
 
Figure 2: World CFs for land transformation to by land use type calculated by Brandao and Mila i 
Canals (2013).  
Same values with negative sign correspond to transformation from. CFs for land transformation 
follow a similar pattern than for land occupation, but showing a more remarkable difference 
between the impact of sealed land and the remaining land use typologies. 
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LANCA (Beck et al., 2010) 
It is an updated version of the model by Baitz (2000), which was already evaluated − 
although not recommended − in the ILCD handbook, partly because of the lack of CFs 
and the high level of input data requirements. It calculates the following indicators of soil 
functions: erosion resistance (ER), mechanical filtration (MF), physicochemical filtration 
(PF), groundwater replenishment (GR) and biotic production (BP).  
The model does not establish a specific link to endpoint indicators or AoPs and requires 
very complete (and site-specific) inventory data, including also land management 
practices. Although the model by Beck et al. (2010) was originally used to calculate the 
impact associated to a set of mining and agricultural processes for a selection of 
countries (both for occupation and transformation), LANCA developers have recently 
calculated CFs directly associated to land use flows (Bos et al., 2016), which allow for 
the global application of the model (Figure 3)Figure 1. These include world values and 
country level CFs (not displayed here) for all ILCD land use flows. Yet, CFs values for 
e.g. different agricultural land use types or different forest types do not differ much, 
especially for some indicators. It is to be noted also that CFs for occupation and 
transformation to have exactly the same values.  
 
Figure 3: World CFs for land occupation by land use type calculated by LANCA (Bos et al., 2016).  
The same values as the CFs displayed in Figure 3 correspond to transformation to, and the same 
values adding a negative sign correspond to transformation from. Similar patterns of impact are 
observed for all indicators, especially between MF and PF. Artificial land use types are responsible 
for the highest impact for all indicators except for ER, for which bare areas and snow and ice 
surfaces pose a stronger impact, and for which the impact of agricultural land uses is also 
relatively high. 
 
 
 11 
 
Saad et al. (2013) 
This study develops a global application of LANCA, including some minor methodological 
modifications and computing all LANCA indicators3 except for biotic production: erosion 
resistance (ER), mechanical filtration (MF), physicochemical filtration (PF) and 
groundwater recharge (GR).  
This study calculates CFs directly associated to land use inventory flows and provides 
CFs for (seven) land use types at high hierarchical level at world level and by 
biogeographic region (for three different regionalization scales: Holdridge life regions, 
Holdridge life zones, and terrestrial biomes). CFs are provided both for occupation 
(Figure 4) and transformation. The authors did not specify whether land transformation 
refers to transformation to or transformation from, yet the values reflect transformation 
to CFs.  
 
Figure 4: World CFs for land occupation by land use type calculated by Saad et al. (2013).  
Urban land classes showed the highest CFs values for all indicators. Negative CFs values (which 
means a positive impact) are found for forest and grassland for the ER indicator. Shrubland and 
grassland showed the lowest CFs value for the PF and MF indicators. Finally, forest was the land 
use type that showed the lowest impact on the GR indicator. The CFs for transformation show a 
similar pattern to land occupation, but with a more remarkable difference between the impact 
posed by urban land and the remaining categories. 
 
SALCA-SQ (Oberholzer et al., 2012) 
SALCA-SQ is a very detailed multi-indicator model that focuses on soil properties 
indicators (e.g. macropore volume, microbial activity). The model also uses indicators of 
threats to soil, such as risk of erosion and compaction. Similarly to LANCA, it does not 
establish specific links to endpoint indicators or AoPs. It requires very complete (and 
                                           
3 With some modification in the indicators’ naming. 
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site-specific) inventory data, including also land management practices, and does not 
provide CFs for the application of the model at e.g. global or national level. 
 
Nuñez et al. (2010) 
Together with Nuñez et al. (2013) and Garrigues et al. (2013) (see just below), this is 
one of the three models with a focus on soil threats. It calculates a desertification index 
based on aridity (given by climate conditions), erosion, aquifer over-exploitation and fire 
risk. This index serves to assess the capacity of the soil to provide ecosystem services 
and support biodiversity, although these links are not explicitly addressed by the 
authors.  
This study provides CFs for the fire risk index and the variables used in its computation, 
which cover the whole world by ecoregion (see Table 3). However, CFs are not linked to 
land use inventory flows (occupation and transformation). 
 
Table 3: CFs of the desertification risk calculated by Nuñez et al. (2010) (dimensionless). 
 
 
Garrigues et al. (2013) 
This model focuses on the impact of soil compaction on topsoil and subsoil, as a result of 
the use of agricultural machinery. In the model, soil quality is associated to soil 
compaction, requiring soil data such as texture and water content. However, the model 
is meant to be part of a broader framework, which should include other processes, such 
as erosion, change in SOM and salinization, to adequately represent soil quality.  
The study provides CFs only from case studies for a limited set of crops and a selection 
of countries (see Table 4). 
 
Table 4: CFs of soil compaction (total soil area compacted and loss of pore volume) calculated by 
Garrigues et al. (2013). 
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Nuñez et al. (2013) 
This study computes the loss of Net Primary Production (NPP) and emergy, as indicators 
of the damage caused by soil loss to, respectively, ecosystems and resources. Both 
indicators are based on soil loss calculation through the application of the Universal Soil 
Loss Equation (USLE) (Wischmeier and Smith, 1978). First, NPP depletion is calculated 
as a function of SOC loss, which in turn is related to soil loss, and which affects the 
ecosystem quality. Furthermore, the depletion of soil as resource itself is derived from 
soil loss by means of an emergy indicator, which expresses all the energy embodied in 
the system. 
This study provides CFs covering the whole world (Figure 5) and CFs for a set of site-
specific applications in watersheds in Spain. Recently, CFs at country level have been 
also calculated by the authors – not yet published. However, neither of these CFs is 
linked to land use inventory flows (occupation and transformation). 
 
 
 
Figure 5: CFs for soil resource depletion and ecosystem quality taken from Nuñez et al. (2013).  
CFs derive from the model calculations. 
 
Alvarenga et al. (2013) 
This study, together with Alvarenga et al. (2015) (see just below), is one of the two 
models on ecosystem thermodynamics pre-selected for evaluation. The model 
incorporates impacts of land use interventions on the natural resources and natural 
environment AoPs. It computes exergy − the energy available to be used in the system 
− in a distinct way for natural land and for human-made land: while the exergy of the 
biomass extracted is calculated for natural land use types, the exergy associated to NPP 
is used for human-made land.  
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The study provides CFs at world level for a set of (twenty-seven) land use flows adapted 
to the Ecoinvent classification (Figure 6), and CFs at country level, which are not 
associated to land use flows. Both CFs typologies cover only land occupation.  
 
 
Figure 6: World CFs for land occupation by land use type calculated by Alvarenga et al. (2013).  
CFs values are very similar for most land use flows. 
 
Alvarenga et al. (2015) 
This study focuses on the Human Appropriation of Primary Production (HANPP), which is 
the amount of NPP that is not available for nature due to human land use. It reflects 
impacts of land use interventions on the natural resources and natural environment 
AoPs.  
The study provides CFs at world level first for a few land use types at high hierarchical 
level (Figure 7) and then for specific crops (Figure 8). 
 
 
Figure 7: World CFs for land occupation by land use type calculated by Alvarenga et al. (2015).  
Land occupied by infrastructure shows the highest CFs values while wild areas reflect no impact 
since, due to the lack of data in HANPP from the forestry management at global scale, the authors 
could not generate consistent actual HANPP CFs for this land use type. 
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Figure 8: World CFs for land occupation by crop typology calculated by Alvarenga et al. (2015).  
The cultivation of sugarcane shows the lowest CFs value, followed by oil palm fruit and sugar beet. 
Conversely, soybean cultivation shows the highest value. 
 
Gardi et al. (2013) 
This study, together with Burkhard et al. (2012), is one of the two non-LCA models pre-
selected for evaluation. The model makes use of spatial datasets to obtain a composite 
indicator on pressures to soil biodiversity. This composite indicator is a weighted index 
based on land use-related data (agriculture intensity, land use change), threats to soil 
(compaction, erosion, contamination, SOC loss), and threats to biodiversity (invasive 
species). The index may serve to derive biodiversity indicators, therefore covering 
impacts on the natural environment AoP. 
CFs as such are not provided by the model, which generates a spatial output of the 
composite indicator on pressures to soil biodiversity for some European countries (Figure 
9). 
 
Figure 9: Spatial output of the study taken from Gardi et al. (2013), available for some European 
countries. 
 
Burkhard et al. (2012) 
This study calculates indicators of ecosystem integrity and ecosystem services 
−provisioning, regulating and cultural− directly associated to land use flows. Based on 
expert judgment for several case studies, the study scores the capacity of the different 
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land us flows to support a set of ecological integrity aspects and to supply a set of 
ecosystem services (Figure 10). The study scores as well the demand of the full set of 
indicators associated to each land use flow as well as the budget (i.e. the difference 
between capacity and demand). Among the ecosystem services indicators, the model 
includes soil functions (e.g. erosion regulation, water purification), and endpoint 
indicators (e. g. water provision). Among the ecological integrity aspects, indicators are 
to be found also on soil functions (SOC storage), and endpoint (biodiversity, exergy 
capture). Since the score obtained by each indicator is independent from the remaining 
indicators, the potential links between indicators that could be interpreted as consecutive 
in the cause-effect chain are not made explicit in this study.  
Since the model was not planned put for an LCA context, no CFs as such are provided. 
 
Figure 10: Results matrix of the assessment of the capacity of land use flows to support ecological 
integrity aspects and supply ecosystem services taken from Burkhard et al. (2012).  
Results are based on a set of case studies and expert judgement. Similar matrices are produced 
for demand and budget. 0= no relevant capacity; 1= low relevant capacity; 2= relevant capacity; 
3=medium relevant capacity; 4= high relevant capacity; 5= very high relevant capacity. 
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3.2. Additional models for comparison 
In addition to the evaluated models, other reference land use-related models are 
described here, and their CF’s reported in supplementary material (SM3). The inclusion 
of these models allows a more complete comparison of the ability of the evaluated 
models to grasps land use-related impacts. They are the following: 
 The model currently recommended by the ILCD Handbook (Milà i Canals et al., 
2007a; Milà i Canals et al., 2007c for the CFs) 
 Cao et al. (2015), which makes a further refinement of the CFs developed by the 
Saad et al. (2013) model, described in section 3.1. Since this study does not 
provide world values, world CFs displayed below correspond to this model as it 
has been processed for Impact World + (Bulle et al., 2013). 
 The model by de Baan et al. (2013), as representation of endpoint models, and 
which accounts for the impact on land interventions on biodiversity. World CFs 
displayed below correspond to this model as it is incorporated in Impact World + 
(Bulle et al., 2013) 
 
Mila i Canals et al. (2007) 
The model by Mila i Canals et al. (2007a) is the current ILCD recommendation, to be 
applied with caution, to estimate the impact of land use at midpoint level (EC-JRC, 
2011). The model uses of soil organic matter (SOM) as an indicator of the life support 
function of soils. It estimates SOM losses associated to land occupation and land 
transformation, where a positive CF value means the land intervention leads to a SOM 
loss. 
CFs are provided in Milà i Canals et al. (2007c) based on Ecoinvent land use flows, which 
were further adapted to the ILCD inventory flows (Figure 11 for occupation and Figure 
12 for transformation). Although CFs values come for a United Kingdom case-study, CFs 
were considered for the global application of the model. 
 
 
Figure 11: World CFs for land occupation by land use type calculated by Mila i Canals (2007a, 
2007c), adaptation to ILCD flows.  
Artificial areas show the highest CFs values, followed by some agricultural land use typologies. 
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Figure 12: World CFs for land transformation by land use type calculated by Mila i Canals (2007a, 
2007c) after adaptation to ILCD. 
The impact pattern is similar to the one observed for land occupation, but with more remarkable 
differences between the land use typologies showing the highest CFs values.  
 
Impact World+ 
Impact World+ (Bulle et al., 2013) is a LCA methods for the assessment of impacts on 
both ecosystem quality and on natural resource provision, including a varied set of 
indicators. Among those, Impact World+ considers land use impacts on biodiversity 
(Figure 11), providing CFs for land occupation at world scale by major land use type, 
based on the model by de Baan et al. (2013). 
 
 
Figure 13: World CFs for land occupation by land use type calculated by Impact World + (Bulle et 
al., 2013, based on de Baan et al., 2013).  
Urban and mineral site areas show the highest CFs, followed by some types of agriculture.  
 
Cao et al. (2015) 
The work developed by Cao et al. (2015) aimed at converting biophysical impact 
indicators from soil ecological functions into ecosystem services expressed in economic 
units using economic valuation. The biophysical indicators incorporated cover the 
following soil ecological functions: the indicators, with some modifications in the naming, 
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used by Saad et al. (2013) − erosion resistance, mechanical filtration, physicochemical 
filtration and groundwater recharge; biotic primary production based on Brandão and 
Mila i Canals (2013); and climate regulation potential based on Müller-Wenk and 
Brandão (2010). These indicators are further used as the basis to derive the monetary 
value of the associated ecosystem services.  
The study provides CFs at country level for the whole world bot for occupation and 
transformation, but not world values. World CFs have been obtained from the ongoing 
implementation of this model to the Impact World + methodology (Figure 14 for 
occupation and Figure 15 for transformation).  
 
 
Figure 14: World CFs for land occupation by land use type calculated by Impact World +, based on 
Cao et al. (2015).  
Similar impact patterns are reflected by these CFs and the ones in the original study by Saad et al. 
(2013), except for erosion resistance, which shows lower CFs for pasture/meadow and permanent 
annual crops.   
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Figure 15: World CFs for land transformation by land use type calculated by Impact World +, 
based on Cao et al. (2015). 
As it happens for land occupation, similar impact patterns are reflected by these CFs and the ones 
in the original study by Saad et al. (2013), except for erosion resistance, which shows lower CFs 
for pasture/meadow and permanent annual crops. 
 
3.3. Revised land use impact pathway 
The impact pathway proposed here (Figure 16) starts from the different properties and 
functions of the soil related to the geomorphological and pedological features of soils 
before any land intervention. Soil functions generally refer, among other, to the soil’s 
capacity to supply nutrients to plants (soil fertility), regulate water flow, and erosion. 
Functions such as the provision of habitat also depend on the land spatial structure, i.e., 
land configuration, including the natural/human-made vegetation mosaic that 
characterize a landscape, e.g. the presence of hedgerows. 
These initial soil conditions, associated with the nature and intensity of land 
interventions, will determine the impacts on soil. The latter can be measured by different 
indicators of soil degradation, namely erosion, sealing, SOC change, compaction, or 
contamination. The spatial structure of the land might also be affected by the 
fragmentation of the landscape. All these threats to soil have an impact on the soil 
capacity to supply ecosystem services and may affect the three AoPs. The impacts of 
land use might also be estimated by changes in ecosystem thermodynamics, which may 
be accounted for by e.g., exergy or emergy accounting. 
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Figure 16: Revised impact 
pathway for land use.   
The positioning of the pre-
selected models is displayed as: 
Brandão and Milà i Canals, 2013; 
LANCA (Beck et al., 2010; Bos et 
al., 2016); Saad et al., 2013; 
SALCA (Oberholzer et al., 2012); 
Núñez et al., 2010; Garrigues et 
al., 2013; Núñez et al., 2013; 
Alvarenga et al., 2013; Alvarenga 
et al., (2015); Gardi et al., 2013; 
and Burkhard et al., 2012. The 
soil threat salinization as such is 
missing, which is considered 
under “contamination”. Some 
indicators could be interpreted 
either as midpoint or endpoint, 
depending on what AoP they are 
associated with –e.g. biomass 
production would be an endpoint 
indicator when focusing on the 
AoP natural resources, but a 
midpoint indicator when referring 
to the AoP natural environment, 
on which endpoints (e.g. 
biodiversity) will rely on.  
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3.4. Evaluation results  
In this section the results of the models’ evaluation are first presented by model (section 
3.3.1) and then by set of criteria (section 3.3.2), showing how current models satisfy the 
need of scientifically sound and applicable impact assessment models. A summary of the 
evaluation scoring results is given in Table 5, while the complete filled-in evaluation form 
is provided in the supplementary material (SM2).  
3.4.1. Evaluation results by model 
Brandão and Milà i Canals (2013) 
This model obtained a good evaluation in terms of impact characterisation and 
applicability. It provided CFs both for land occupation and transformation on a global 
scale and by climatic region, focusing mainly on impacts related to agricultural 
production, including the differentiation between extensive and intensive land uses. The 
scientific robustness of this model was adequate, although the uncertainty assessment 
and validation of the estimates with field data were missing; it was also challenging to 
fully track the sources of its input data. As for applicability, the main limitations were: i) 
land use flows differ from the ILCD classification, ii) low spatial resolution of the CFs, not 
available at country scale. Finally, the model lacks endorsement by an authoritative 
body.  
LANCA  
LANCA showed good results in terms of environmental relevance and applicability. The 
indicators of the model were found relevant to the ecosystem services mid-/endpoints, 
as well as they were placed close to inventory flows. They also covered both the natural 
environment and natural resources AoPs, and has a full global geographic coverage.  
Aspects contributing to the good evaluation results for environmental performance were 
the capacity of the model to compute the impact of both land occupation and 
transformation, and to differentiate between extensive and intensive land uses − 
although the original application of the model computes the indicators referring to 
production units rather than land use interventions. This makes possible the use of the 
model at site-specific level but also at world and country level.  
The model scored well in terms of robustness and uncertainty, although it shows room 
for improvement in terms of being up-to-date − since some of the underlying models 
come from the 80’s and further reviews of them are not mentioned in the model 
documentation.  
Tests of LANCA applicability have been undergone. Moreover, the model is already 
connected to production processes in some LCA software, although based on the 
application that derives indicators from production units. Yet, the latest set of CFs (Bos 
et al., 2016) has not yet been tested. Uncertainty figures are not available for LANCA. 
While the model counts on good and accessible documentation, the model itself was not 
available due to its private ownership. Also, access to the site-specific input is limited, 
which also constrains the applicability of the model. Finally, LANCA’s stakeholders’ 
acceptance was relatively low, mostly due to the complexity of the model output and the 
lack of underlying academic or authoritative bodies. 
Saad et al. (2013) 
Since Saad et al. (2013) is an application of LANCA, only the evaluation results that 
differ from LANCA are referred to here. The scope of Saad et al. (2013) resulted less 
complete than LANCA’s since it does not include the biotic production calculation, which 
would be associated to the natural resources AoP. 
The impact characterisation by this model is limited to only a few land use flows at high 
hierarchical level (e.g. shrubland, forest), and the model has not been tested as LANCA 
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neither it is implemented in LCA software. In fact, the authors state in the study that the 
model was limited due to the coarse scale of application. However, Saad et al. (2013) 
analyse the spatial variability of the CFs, which was already approached in a previous 
application of the model for Canada (Saad et al., 2011). 
SALCA-SQ 
While this model covers a very detailed set of soil properties and indicators, the main 
limitation of this model regarding completeness of scope was its foundation on site-
specific data on Switzerland and the coverage of only agricultural land use flows.  
The model’s capacity to distinguish differential impacts on soil properties, based on 
extensive input data, which includes land use and land practices among other variables, 
is high. However, the discriminating power of the model is limited since it is based on a 
qualitative scale (scored as --, - , 0, +, ++). Also, guidance will be needed to assess the 
relevance of each of the multiple indicators that the models is able to calculate on the 
total impact on soil.  
The scientific robustness of this model was judged to be acceptable as it was peer 
reviewed and scientifically validated by a case study. Yet, no estimates of uncertainty for 
the midpoint indicators were included, while the authors mention that not all observed 
impacts are consistent with model results. Documentation of the model is accessible and 
transparent. 
Unlike many of the models, the general principles of SALCA-SQ are supported by an 
academic authority and a governmental body. One aspect of the stakeholder acceptance 
category in which this model did not score well was in neutrality, as the impact model 
covers only land use by agriculture. 
Nuñez et al. (2010) 
The model developed by Nuñez et al. (2010), which proposes a desertification index for 
each ecoregion in the world, obtained generally good results in terms of completeness. It 
can be placed as midpoint indicator in the cause-effect chain, with influence in the three 
AoPs, although further work would be needed to better specify these links. 
In terms of environmental relevance, the model was found limited since different land 
use types or land practices regimes are not addressed by the model, which rather 
provides a CF for each ecoregion – without discriminating different land use types.  
Documentation is transparent, being all the information required for the desertification 
impact assessment generally available. Conversely, neither the model as such nor CFs 
associated to land use flow inventory data were available, which does not allow for the 
application of the model.  
Garrigues et al. (2013) 
This model presents significant limitations in terms of scope and applicability. First, the 
model is mainly designed for agricultural production systems and does not include other 
land use/cover types. Second, the model requires very detailed input information on the 
production system management (e.g. type of crop and data on machine operations), soil 
type and local/regional climate. Moreover, this study provides only a limited set of CFs 
from site-specific applications and does not follow a land use classification compatible 
with Koellner et al. (2013a) and/or ILCD. Derived from all these observations, the model 
cannot be globally applicable. Thus, although modeling assumptions and value choices 
are well documented, the same is not true for the CFs. These facts also contribute to the 
low level of stakeholder’s acceptance of the model.  
Nevertheless, the requirement of local and regional data gives the model a higher spatial 
resolution, resulting in an improved accuracy in the prediction of potential impacts, and 
a better up-to-date profile. 
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Nuñez et al. (2013) 
This model addresses two relevant impact pathways leading to the AoPs natural 
environment and natural resources. The model, which includes net primary production 
(NPP) depletion and soil loss in terms of emergy, is globally applicable and spatially 
explicit.  
The model does not include an uncertainty assessment. However, the authors pointed 
out that the main uncertainty source comes from the assumption of linearity between 
SOC and NPP loss – several studies show the uncertainty of the link between soil erosion 
and biomass production. Moreover, the authors made clear that the simplifications 
performed to convert the great variability of soils to units of NPP or emergy would 
require further refinement. Model documentation is easily accessible and transparent. 
As for applicability, the model is based, among other, on land management and land use 
variables, although CFs are not directly associated to those, not allowing for a 
straightforward application of the model based on land use inventory data. Moreover, 
land use types considered would require an adaptation to ILCD flows. Finally, although 
erosion equations are commonly accepted, they are neither included in LCA software nor 
their conversion to damage units has been endorsed by any scientific or policy authority. 
This partly explains the low score recorded for stakeholders’ acceptance. 
Alvarenga et al. (2013) 
The model by Alvarenga et al. (2013), approaching the impact of land use on the 
potential net primary production expressed in exergy units, showed good performance in 
terms of completeness of scope, covering the natural resources AoP (directly, as it deals 
with land as a resource), and (indirectly) the natural environment AoP.  
This model has limited environmental relevance mostly because it gives a poor impact 
characterization: CFs values are often the same for the different land use types. 
Moreover, although CFs are directly linked to land use flows, the number of land use 
flows covered and specifically the coverage of ILCD land use inventory flows are very 
limited. Some adaptation to the ILCD flows would be as well needed. Conversely, the 
model has a good spatial resolution and uses an indicator that could potentially 
distinguish between intensive and extensive uses. Regarding scientific robustness, the 
model is on average similar to others. It provides an application example that is up-to-
date, but it lacks a thorough uncertainty analysis, as only 95% confidence intervals are 
included - and these are calculated from the aggregation process at country level rather 
than as an error measure that involves the uncertainty of the original data, whose 
quality is not assessed. The model is well documented. Finally, the model ranks low on 
stakeholder acceptance given the lack of institutional support. 
Alvarenga et al. (2015) 
This model, which uses HANPP as proxy of aspects related to soil quality, biotic 
production and biodiversity, ranked high in terms of completeness of scope. It also 
allows for a global application since CFs are provided for all countries and by land use 
type. The model is also capable to distinguish different agricultural land use flows, while 
it does not distinguish among different types of sealed land, forest and pasture, being 
therefore limited in terms of impact characterisation.  
The model presents a very simplified measure of uncertainty while being fully up-to-date 
in terms of modeling developments. The latter is validated by the good quality of the 
original HANPP data used, whose application in an LCA context is a novelty. The model is 
also very well documented, and applicable to LCA with a minimum effort, given that the 
authors made a good attempt to provide global CFs for 162 countries that readily usable 
in LCA and matches with some ILCD land use flows. 
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Finally, the HANPP concept is potentially harder to explain to non-experts than 
alternative land use indicators, which explains why it ranks lower in stakeholder 
acceptance (besides lacking institutional support).  
Gardi et al. (2013) 
This non-LCA model performed well on the consistency between those indicators that 
may be used as midpoints and endpoints, as well as on the relation between inventory 
data and midpoints. Although the model has high spatial resolution (1x1 km grid cells), 
its geographic coverage is limited to Europe. The model computes the pressures on soil 
biodiversity for different types of land use/cover, with a clear distinction between 
intensive and extensive land management. However, CFs for the application of the 
model are not available. A direct association of the composite indicator proposed in this 
model to land use flows would not be possible, since this indicator derives from many 
other variables − invasive species, contamination − than just land use. Moreover, the 
coverage of ILCD LCI flows is low, and a considerable effort would be needed to conform 
to the ILCD nomenclature, due to the amount of available site-specific flows in the 
model. Conversely, Gardi et al. (2013) is the more complete model in terms of 
robustness: it provides a comprehensive analysis of uncertainty, and applies data from 
known datasets that include also this type of assessment. Also value choices are 
considered robust and derive from a consensus process including experts. For those and 
other reasons mentioned above, stakeholder’s acceptance and relevance for current 
policy are high for the model. 
Burkhard et al. (2012) 
The set of indicators computed by the Burkhard et al. (2012) model has an extensive 
coverage of all AoPs. While some of the indicators adopted in this model could be 
considered midpoint indicators, others would be closer to endpoints. However, no links 
between midpoint and endpoints are established by the model since all indicators are 
directly and solely derived from land use types.  
This model scored well in environmental relevance, due to the inclusion of this 
comprehensive set of indicators, which covers ecosystem services, biodiversity, climate 
change, cultural value, etc. However, this was offset slightly by the lack of 
characterisation testing and the lack of guidance for a possible aggregation of the 
information contained in the different indicators. 
The model results are not mathematically reproducible since the model adopts a scoring 
system largely based on expert judgment, and uncertainty assessment is missing. The 
partially good score of the model in terms of applicability comes from the fact that the 
model results are similar to the CFs concept, i.e. they could be easily convertible to CFs, 
and are directly associated to land use flows, which moreover could be easily adapted to 
ILCD nomenclature. Yet, currently these values derive from a set of site-specific cases 
studies, which does not allow for the global application of the model. 
Burkhard et al. (2012) is the product of individual research and remains neutral across 
industries, products, and/ or processes and produces easily understandable results. 
Currently, there is no endorsement by authoritative entities for the use of this model, 
but the characterisation model results could be relevant for current policy, since they 
target many policy areas. 
 
3.4.2. Evaluation results by criteria 
Completeness of the scope 
Overall, models were comprehensive considering the coverage of the AoPs and the 
reference impact pathway. LANCA, Saad et al. (2013), SALCA-SQ and Burkhard et al. 
(2012) - being multi-indicators - had the most comprehensive coverage of AoPs. Among 
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those models, explicit links were found only to the AoPs natural resources and natural 
environment. As for geographic coverage (see Table 4), models generally allow for the 
global application of the model, except for SALCA-SQ −site-specific−, Gardi et al., 
(2013) −only for Europe−, and Garrigues et al. (2013) and Burkhard et al., (2012) – 
both based on three local case studies. 
Environmental relevance 
The models proposed by Brandão and Milà i Canals (2013) and Gardi et al. (2013) 
allowed for the most relevant characterisation of the impact of land interventions, also 
under different management practices schemes. The characterisation proposed by 
Alvarenga et al. (2013) was the one with the lowest relevance since it bundles all 
human-made land use systems into one. The coverage of ILCD inventory flows was 
limited for all models with the exception of LANCA (Bos et al., 2016). Most models 
covered only the impacts resulting from land occupation, while transformation impacts 
were only estimated by Brandão and Milà i Canals (2013), LANCA and Saad et al. 
(2013). For the models providing CFs also for land transformation, similar impact 
patterns were found as compared to the impact of land occupation. 
Overall, artificial land uses showed the strongest impact for all models and indicators 
except for the calculation of the impact of land interventions on the soil erosion 
resistance by LANCA, for which bare areas pose the strongest impact. Interestingly, the 
pattern of the impact by land intervention differs between the model based on SOC 
calculations – Brandão and Milà i Canals (2013) – and the LANCA module for biotic 
production. Also, although the scope of multi-indicators models appears as superior, in 
some cases the information provided by the different indicators was found redundant. 
Finally, the temporal resolution of the models was generally annual, being the spatial 
resolution overall higher than national. 
Scientific robustness & uncertainty 
All models were peer-reviewed and stated their value choices, although an explicit, 
comprehensive list of these choices was not always reported. Only three models 
(Garrigues et al. (2013), Alvarenga et al. (2015) and Gardi et al. (2013)) were fully up-
to-date, with the remaining models only partially up-to-date in terms of latest scientific 
findings underpinning the models.  
Most LCA models have been used for running case studies, but none reported to be 
ready for more general applications. Regarding input data quality tests and uncertainty 
assessment, models were very limited overall, except for Gardi et al. (2013). 
Documentation, transparency & reproducibility 
Access to input data and model documentation, its completeness, as well as accessibility 
to the models’ input data were good overall, with spatial data mainly available in a 
Geographic Information System (GIS) format. Six models had CFs entirely available and 
in an adequate format for LCA practice, while the remaining models had some limitations 
in this regard (see results for applicability below). In terms of reproducibility, the most 
limiting aspect was the availability of the information about the characterisation model, 
and the fact that the model itself was not available in an operational format. 
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Table 5: Results of the models’ evaluation.  
The scores obtained by each model for each criterion is reported, ranging between A and E − 
which generally mean, respectively, the best and worst possible result. The complete evaluations, 
which include also additional details explaining the scoring assigned, are provided in the 
supplementary material (SM 2). 
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Completeness of 
the scope 
• Impact pathway consistency between mid- and endpoint C C C C E E A A A A C 
• Midpoint indicator placement in the impact pathway regarding LCI 
flows 
A A A A A C A A A A A 
• AoP coverage by the midpoint characterisation model C A C C C C C C C C A 
• Geographic coverage A A A E A E A A A D E 
Environmental 
relevance 
• Relevance of the characterisation A C C C C C C E C A C 
• Coverage of ILCD LCI flows C A E E E E E E C E C 
• Distinction extensive/intensive use A A E C E C E C C A C 
• Land occupation/transformation impact A B A D D D D D C D D 
• Permanent impact A A A E E E E E E E E 
• Direct/indirect land use change E E E E E E B E E E E 
• Soil quality A A A A E C C E E A A 
• Soil threats  C A A A C C C E E A A 
• Land availability E E E E E E E E E E A 
• Biotic production C A E E E E C A A E A 
• Erosion regulation E A A A C E A E E A A 
• Water regulation functions E A A E C A E E E E A 
• Biodiversity support E E E C E E E E C A A 
• Climate change E E E E E C E E E E E 
• Aesthetic/cultural value E E E E E E E E E E A 
• Temporal resolution of the input D A D D D D D D D D D 
• Spatial resolution of the input D A B A D A A A C A B 
Scientific 
robustness and 
uncertainty 
• Characterisation model peer review and (peers) acceptance B B A B B B B B B A B 
• Value choices robustness  C B B B B B B B B A B 
• The model reflects the up-to-date knowledge for the cause-effect 
chain  
C C C C C A C C A A C 
• Presence of an application of the CFs in a case study B B D B B B B B B E E 
• Quality of the model input data C C C C E C C E E C C 
• Uncertainty assessment D E C E E E D C C A E 
Documentation, 
Transparency 
and 
Reproducibility 
• Accessibility of the characterisation model documentation A A A A A C A A A C A 
• Completeness of the characterisation model documentation A A A A A A A A A C C 
• Accessibility of the input data A C C C B C A A A C C 
• Accessibility of the characterisation factors A A A E A E A A A E C 
• Accessibility of the characterisation model A E E C E D E C C E E 
• Modelling assumptions and value choices A C C C A A A A A A C 
Applicability 
• Compatibility with LCA methodology A A A A A A A A A C C 
• Availability of LCI datasets for the application of the model C A A C C C C A A C A 
• Usability of characterisation factors for LCA practitioners C A A E E E E C C E C 
• Availability of normalization factors for LCA practitioners E E E E E E E E E E E 
• Ease to update to conform with the ILCD nomenclature and units C C C E D E D C C E C 
• Temporal resolution of characterisation factors D D D E D D D D D D A 
• Spatial resolution of characterisation factors E A E A E C C C C A E 
• Spatial resolution of LCI flows E A E A E A C A C A A 
Stakeholders’ 
acceptance 
• Model and model results A E E C C C C C C C C 
•  Authoritative body  C E E C E C E E E C E 
• Academic authority E C E C E E E E E C E 
• Neutrality across industries, products or processes.  C C C E C D C C A A A 
• Relevance for current policy C C C E C C C C C A C 
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Applicability 
LANCA in its latest version (Bos et al. 2016) stood out in terms of applicability, with CFs 
available both at world level and at country scale. The application of LANCA by Saad et 
al. (2013) also stood out in these terms, although allowing only for the characterisation 
of a limited number of coarse land use inventory flows.  
Overall, the assessed models have the required LCI flows available, although not always 
complete and not corresponding to the recommended classification. For some models —
SALCA-SQ, Núñez et al. (2010, 2013), and Gardi et al. (2013)— the inventory data were 
only partially available, requiring the processing of spatial data, and therefore 
challenging applicability. The models by Núñez et al., (2010, 2013) and Garrigues et al. 
(2013) were based on inventory flows that are very specific and expected to be collected 
by practitioners. Among the models that allow for a global application, only the CFs for 
LANCA (Bos et al., 2016) and Saad et al. (2013) followed a land use classification fully 
compatible with ILCD; while other three models (Brandão and Milà i Canals, 2013; 
Alvarenga et al., 2013, 2015) would require (further) adaptation to the ILCD 
classification system.  
The usability of the CFs was the main issue in terms of applicability. Although CFs for a 
global application were available for the majority of the models, not all were associated 
to land use inventory flows neither to a geographic scale (e.g. country) that facilitates 
implementation in LCA software. A total of five models provided world values based on 
the upscaling of data from country and/or regional scales. In addition, three models 
were able to characterize the impact at the level of climatic regions, ecoregion or biomes 
(see Table 4), four at the country level, and five with a local spatial resolution. Apart 
from that, none of the evaluated models provided normalization factors.  
The non-LCA models Gardi et al. (2013) and Burkhard et al. (2012) did not provide 
strictly speaking CFs. However, the output by Burkhard et al. (2012) could be relatively 
easily assimilated as such.  
Stakeholders’ acceptance 
Models were overall limited in terms of stakeholder acceptance, mostly due to missing 
authoritative/academic bodies. Best results, with a remarkable difference, were for Gardi 
et al. (2013) and the lowest for the model by Saad et al. (2013).  
Neutrality was challenged for some models mostly due to the limited coverage of flows 
by the impact assessment, e.g. models only addressing agricultural activities/land use 
types –e.g. SALCA-SQ, and Garrigues et al. (2013).  
Gardi et al. (2013) was found the most policy-relevant model, having indicators already 
present in current reference European soil policy documents (The European Atlas of Soil 
Biodiversity- Jeffery et al., 2010).  
 
4. Discussion and outlook 
The models reviewed in this study were highly heterogeneous, spanning from those 
providing indicators for specific soil properties (e.g. SOM), to those assessing one or 
several soil threats (erosion, desertification, etc..), up to those considering the provision 
of ecosystem services based on soil functions.  
Presently, no model meets all the features required by the criteria defined in the 
systematic evaluation developed in this study. For instance, no model entirely combines 
a relevant characterisation of the multiple impacts on soil with a sufficient maturity for 
being easily applied in an LCA study, i.e., the availability of CFs with a global coverage 
and directly associated with land use inventory flows. Nevertheless, compared to the 
evaluation conducted for the current ILCD recommendations (EC-JRC, 2011), the newly 
developed models appear more robust and improved in terms of the scope completeness 
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and geographical coverage. They are also more data-intensive, but their input data is 
more accessible, as are CFs and the models themselves. In the following, the key 
findings of the present study are summarized, representing research needs towards 
robust modeling of impacts of land interventions on soil quality. 
 
4.1. Position of the indicator(s) in the impact pathway 
Ideally, a midpoint indicator should be a relevant building block for the calculation of the 
endpoint indicators towards the different AoPs. However, only a few amongst the 
assessed models explicitly identified the theoretical links between midpoint and 
endpoint. The only example in the literature is a recent study carried out by Cao et al. 
(2015), which quantifies the monetary value of ecosystem services, understood as an 
endpoint indicator based on Saad et al. (2013). Moreover, the AoPs covered by the 
models often differ, ranging from natural environment to natural resources, even for 
studies referring to the same type of indicators.  
If the application of a single indicator was desirable, the selected models at midpoint 
should be a reliable proxy for the relative performance of several specific indicators. In 
this regard, NPP and HANPP could represent good indicators due to their capability of 
representing a synthesis of different specific indicators. They may also be used for 
supporting endpoint modeling, covering two AoPs (natural environment and natural 
resources). Theoretically, if soil is lost through erosion, affected by salinization, or its 
fertility is reduced (e.g., having less SOM available) then the NPP should be low. 
However, current models that apply NPP in LCA have a very limited coverage of land use 
elementary flows, and do not capture different land management practices, although the 
same could be said of other models assessed. Moreover, HANPP and NPP consider the 
agricultural use of the land as beneficial (negative value of the CF), since this human 
intervention increases the overall biomass production. This is set without accounting for 
the additional impacts of agriculture intensification on the quality of the soil and the 
whole agroecosystem. 
 
4.2. Comprehensiveness, and specificity in covering key impacts 
on soil quality versus applicability 
The applicability of the models requires CFs associated to land use inventory flows, 
whereas specificity entails capability of addressing spatial variability. Good applicability 
and specificity has been reached by five out of the eleven models (Brandão and Milà I 
Canals, 2013; LANCA, Saad et al.,2013; and Alvarenga et al., 2013 and 2015). In the 
case of Brandão and Milà i Canals (2013), the model can be even easily expanded using 
SOC field observations. For example, Morais et al. (2016) used the LUCASOIL database 
and this model to calculate land use CFs for the European Union. Regarding the other 
models, they did not always stand out in terms of environmental relevance and 
comprehensiveness. The opposite pattern was found for other models, which scored 
better in terms of comprehensiveness and relevance –and even scientific robustness− 
while missing a straightforward applicability in LCA (e.g. SALCA-SQ, Gardi et al., 2013). 
In addition, models dealing with relevant soil threats (Núñez et al., 2010; 2013, and 
Garrigues et al., 2013) were more limited in terms of applicability, requiring numerous 
data from the inventory or being incompatible with the ILCD land use elementary flows. 
This shows the frequent trade-offs between comprehensiveness, environmental 
relevance and applicability and raises the question of if the applicable models are 
addressing the key impacts of land interventions on soil.  
Additionally, some models addressing relevant aspects of soil quality have not been 
included in this evaluation since their level of development did not allow for the model 
application. This includes, for instance, the salinization models evaluated by Payen et al. 
(2014) –which were assessed by the authors following the ILCD handbook criteria. 
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Salinization is also an important threat to soil: even if taking place only in a limited 
geographic area high salinity area in a very dry climate could be barren for an infinite 
time period, leading to a permanent impact (Koellner et al., 2013b). Also, promising 
models might arise outside from the LCA field, as shown by the models by Burkhard et 
al. (2012) and Gardi et al. (2013). Further work might allow for the use of this type of 
models, once applicability limitations have been overcome.  
Additional limitations in terms of applicability were also found: i) CFs for land 
transformation were missing for most models, and ii) guidance for the calculation of 
normalization factors was totally absent from all models.  
 
4.3. Single indicator vs. multi-indicator models 
The need for multiple indicators to thoroughly assess soil quality was expressed both by 
modelers that account for various drivers of impact (LANCA; Saad et al., 2013; SALCA-
SQ) as well as pointed out by those using only one indicator (e.g. Garrigues et al., 
2013). For example, notwithstanding single indicators such as SOM are considered one 
of the most important indicators for the sustainability of cropping systems (Fageria et 
al., 2012) and plays a crucial role in provisioning and supporting ecosystem services, the 
capability of SOM to be a good proxy of the overall impacts on soil could be questioned. 
However, the comparison of multi-indicator models’ CFs shows that the information 
given by some of these indicators could be redundant – e.g. Helin et al. (2014) found a 
high correlation among some indicators within the set proposed in Saad et al. (2013). 
This points out several research needs, including: i) statistical analyses of the 
redundancy of CF values in multi-indicator models; ii) analysis of the sensitivity of 
results to using multiple instead of a single indicator. Basically, this means answering 
the questions: “which is the role of each different indicator in the overall contribution of 
a land use flow to the total impact? which is the key driver that will determine the 
ranking of two production options?”. Furthermore, despite multi-indicator models aiming 
at greater completeness, several relevant soil threats could be still missing (e.g. 
desertification, salinization). Those threats, so far, have been only addressed by specific 
models. Moreover, none of the multi-indicator models provides guidance on how to 
aggregate the different indicators in a single score, which introduces an additional 
complexity in the analysis. Thus, model developers should first provide non-redundant 
information, and then either provide guidance on how to assess the relevance of each of 
the multiple indicators or propose an aggregation algorithm.  
When deciding the most adequate indicator(s) among the proposed sets, it should be 
bore in mind that for many applications of LCA the ultimate target of the quantification 
of impacts is to compare the performance of different products rather than an accurate 
calculation of the full environmental impact on the soil.  
 
4.4. Nomenclature of elementary flows  
An additional need is to push forward a consensus land use classification that is 
comprehensive and flexible to the availability of data at different levels of detail. One 
example is the hierarchical classification proposed by Koellner et al. (2013a), which is 
based on widely recognized land use classifications (CORINE Land Cover, Global Land 
Cover). This classification might not be optimal for the specific assessment of soil quality 
impacts. Yet, using such classification would improve the comparability of results among 
models, and allow adapting to different spatial coverage and resolution. This specific 
classification includes also some detail on land management practices (at 3rd and 4th 
level) for agriculture and water bodies, although some further detail should have to be 
added depending on the case study.  
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A further challenge for the nomenclature of the elementary flow as well as for the 
inventories is associated to the possibility of capturing, in future, not only aspects which 
affect the field but also those related to a greater scale, e.g. at landscape level.  
4.5. Land use management: discriminating land use intensities  
The ideal model for the quantification of the impact of land use on soils should be able to 
reflect the differences amongst land use intensities and management practices. To this 
regard, the CFs of the globally applicable models did not sufficiently differentiate among 
diverse types of land use, and hardly reflected different management practices. Even for 
models that provide CFs for a complete set of land use flows, the discriminating power 
was poor, with equal/similar CFs values for many land use types simultaneously. The 
models by Brandão and Milà i Canals (2013), and Gardi et al. (2013) were exceptions to 
this poor discriminating power of the models towards land management. 
Moreover, while appropriate agro-ecological crop and soil management practices - based 
on the knowledge of ecological processes− may represent a solution for food security 
and soil sustainability (Baulcombe et al., 2009), those concepts are almost completely 
neglected by the evaluated models –only partially covered in SALCA-SQ. Consequently, 
current LCA methods are unable to rank interventions considering if “good” agricultural 
practices are put in place. 
In this study, the need for a more comprehensive land use classification was identified, 
fact that was already previously pointed out by Allacker et al. (2014). This is due to the 
fact that even the land use classification used here as reference has limitations in 
reflecting the potential differential impact of diverse land management regimes on the 
soil indicators. An ideal classification system would enable the assessment the 
environmental benefits of farming practices, which might have a strong influence in the 
impact of the production chain, and which is usually not taken into account in LCA 
studies. Payen et al. (2014) and Helin et al. (2014), comparing some LCA models, 
reached similar conclusions for agricultural and forest land use types, respectively. 
However, in order to develop a comprehensive, yet applicable and sound land use 
classification, it will be important to assess the data limitations encountered both by LCA 
practitioners and by model developers.  
 
4.6. Data to be collected from the inventory: is area of land use 
enough? 
An additional challenge is the analysis of which type of inventory data would be the most 
relevant given the needs of the land use models. To this regard, building the inventory 
based on land use flows is questioned by Helin et al. (2014), who stated that in some 
cases other type of information would be preferable –e. g. for forest biomass the amount 
of biomass harvested would be probably better than the amount of land occupation in 
order to quantify the environmental impact. However, this might introduce confusion 
between products and inventory data, since e.g. biomass harvested is an output to the 
technosphere.  
Although we can agree that the land interventions inventory flows do not provide the full 
picture of the impact, it is important to bear in mind that making inventories very 
complicated (including e.g. data on soil conditions, climate, or location) could hampered 
the LCA practice (mainly when the location of activities is unknown). We are facing a 
complex system with a lot of interactions and specific features for which is difficult to 
balance between comprehensive and feasible data. Therefore, it is clear that it is 
necessary an agreement of the scientific community on the detail of assessment and 
what needs to be answered by an LCA study. A starting point to address this question 
could be to build a limited number of archetypes covering the questions of what (e.g. 
forest, fruit crops), where (e.g. ecoregions, countries), which extension, and how 
(intensiveness) land is occupied, but of course that must be done in close cooperation 
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with models developers, in order to have the appropriate CFs for the different 
archetypes. 
4.7. Land use impact pathway and its link with climate change and 
resource availability 
Having a clear target for the desired endpoint is an essential aspect when selecting the 
midpoint impact models for soil quality. There is thus an urgent need for defining a 
consensus land use impact pathway. It is important to align advances in the cause-effect 
chain of land use involving soils and e.g. biodiversity. The land use impact pathway 
should be also consistent with the cause-effect chain determined by other impact 
pathways where soils also play a role – climate change, land use as a resource. This 
would be likely to reduce the risk of double counting the impacts derived from land use.  
 
4.8. Characterisation factors limitations and uncertainties 
Our evaluation was based also in a preliminary analysis of the CFs. A further quantitative 
assessment of the models’ CFs prior to any possible recommendation of their application 
by LCA practitioners it is strongly advisable. Such an assessment should also include the 
analysis of the CFs spatial variability, and the relative relevance of the impacts resulting 
from land occupation and transformation. This relative relevance might derive from the 
underlying modeling choices – e.g., time horizon choice−; but they might also be case 
study-dependent (Helin et al., 2014; Mattila, et al., 2012), therefore reflecting the real 
differential impact of the occupation and the conversion of land caused by different 
production chains. 
 
5. Supplementary material 
This report is accompanied by supplementary material (SM) which could be downloaded 
from http://eplca.jrc.ec.europa.eu/uploads/supplementary-material-land-use.xlsx  
The SM includes: SM1- criteria and sub-criteria for the models’ evaluation; SM2- the 
filled-in models’ evaluations; SM3- compilation of CFs at world level provided by the 
models, adapted to the ILCD elementary flows (when they were available with a different 
land use classification).  
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